Atomically transparent vertically aligned ZnO-based van der Waals material have been developed by surface passivation and encapsulation with atomic layers of MgO using materials by design; the physical properties investigated. The passivation and encapsulation led to a remarkable improvement in optical and electronic properties. The valence-band offset ∆Ev between MgO and ZnO, ZnO and MgO/ZnO, and ZnO and MgO/ZnO/MgO heterointerfaces are determined to be 0.37 ±0.02, -0.05±0.02, and -0.11±0.02 eV, respectively; the conduction-band offset ∆Ec is deduced to be 0.97±0.02, 0.46±0.02, and 0.59±0.02 eV indicating straddling type-I in MgO and ZnO, and staggering type-II heterojunction band alignment in ZnO and the various heterostructures. The band-offsets and interfacial charge transfer are used to explain the origin of n-type conductivity in the superlattices. Enhanced optical absorption due to carrier confinement in the layers demonstrates that MgO is an excellent high-κ dielectric gate oxide for encapsulating ZnO-based optoelectronic devices.
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Wide-bandgap semiconductors such as ZnO with a bulk direct bandgap of 3.37 eV are intensively being studied because they are promising materials for use in blue and ultraviolet light-emitting diodes (LEDs) and laser diodes 1, 2 . The bandgap of ZnO can be tuned by substituting divalent element on the cation site. For example, alloying with Mg can increase the bandgap of bulk ZnO to as high as 4.0 eV whereas Cd alloying could decrease the bandgap to ∼ 3.0 eV 3, 4 . To improve the device performance of LEDs and other ZnO-based devices, heterostructures have been fabricated and studied 5, 6 but challenges such as reproducibility and low electroluminescence 7,8 diminish scalability and efficiency. Device variability can be reduced by optical and electric confinement with a barrier material. MgO is an excellent passivating, high refractory, and a high-κ dielectric material with notable existing technology base because it is a gate dielectric candidate for advanced complementary metal-oxide-semiconductor devices 9, 10 . Moreover, ZnMgO alloy can be lattice-matched with ZnO and a suitable barrier material to design ZnO/ZnMgO superlattices that enabled confinement of carriers and photons within the layers 11, 12 . Understanding the nature of the heterojunction of ZnO-based superlattices is essential in device applications. Perhaps, the most fundamental property of a heterojunction is the energy band-offsets, which for ZnO-based superlattices have been investigated by several experiments 2, [11] [12] [13] . Despite the need, there is no rigorous ab initio investigation of the microstructural morphology, band-alignment and other critical parameters of the heterointerface like the nature of the charge transfer that could aid in understanding, e.g., the type of conductivity in undoped MgZnO alloy.
Herein, we report ab initio investigation of the energy band-level alignment of ZnO-based van der Waals (vdW) heterostructure and the passivating characteristic of MgO in encapsulating ZnO. We provide a detailed analysis of the heterointerface and the band offsets of MgO and ZnO; ZnO and MgO/ZnO; ZnO and MgO/ZnO/MgO. Instead of using thin films or epilayers to construct the superlattices, we adopt single-atomic layers of 2D-based materials, which will provide natural quantum confinement that will reduce uncontrolled variability that may affect device performance. Additionally, based on our simulations, monolayer MgO (the passivating layer) exhibit indirect and wide bandgap; this can mitigate against parasitic absorption losses and unwanted backscattering processes, which competes with band-to-band absorption to decrease photocurrent.
14 .
The ZnO-based systems were grown by vertical aligning one-atomic layers of ZnO and MgO to form vdW heterostructures of MgO/ZnO and MgO/ZnO/MgO, respectively. The electronic properties and the interfacial characteristics are studied using first-principles based on density functional theory 15 as implemented in Vienna Ab Initio Simulation Package 16 using HSE06 hybrid functional 17 , a kinetic energy cutoff of 550 eV for the plane-wave basis set, and a 4 × 4 × 1 MonkhorstPack grid to represent the reciprocal space. Structural relaxations were carried out using the Perdew-BurkeErnzerhof 18 exchange-correlation functional, and atomic positions are allowed to relax until the energy (charge) is converged to within ∼ 10 −3 (10 −7 ) eV and the forces dropped to ∼ 10 −3 eV/Å. All calculations included van der Waals interactions, dipole corrections, and a vacuum of 25Å along the out-of-plane direction to eliminate the artifacts of the periodic boundary condition.
We present in Figure 1a the optimized crystal structure for MgO/ZnO/MgO vdW heterostructure while the corresponding electron localization function (ELF) is presented in Figure 1b . The difference of ELF for MgO/ZnO vdW heterostructure is shown in Figure 1c . The vdW heterostructures are designed from a commensurate 2 × 2 × 1 supercell slab using optimized crystal structure of monolayer ZnO and MgO, respectively, with only ∼ 0.49 % lattice mismatch. Our simulation show absence of buckling or distortion in either layer and no chemical bonding at the interface (Figure 1b) . The interlayer separation is calculated to be 3.58± 0.20 A, which confirms an interface dominated by proximity effects through van der Waals interactions. We find the charges are localized at each layer (Figure 1b ) with depletion/accumulation of charges across the heterojunction (Figure 1c ). This observation is supported by the highly nonlinear charge redistribution in the planar-integrated charge density difference ∆ρ(z) of the superlattice and the constituent layers, where ρ(z) = ρ(x, y, z)dx dy (Figure 1d ).
To understand the electronic structure, we show in Figure 1e&f the calculated electronic band structure of monolayer MgO and ZnO while that of the MgO/ZnO and MgO/ZnO/MgO vdW heterostructures unfolded unto the Brillouin zone (BZ) of monolayer ZnO are presented in Figure 1g&h . The predicated bandgaps are listed in Table I . We observed nontrivial renormalization of the electronic structure of the vdW heterostructures including the decrease of the energy bandgap E g , which remained direct at the Γ-point of the first BZ. As in conventional ZnO-based heterostructures, one would expect the E g to increase due to Mg doping 3, 4 . How- (Figure 1g&h) . Even with the observed nontrivial effects in the electronic structure, the predicted effective masses of the vdW heterostructures are practically unchanged when compared to that of free-standing monolayer ZnO (Table I) , which is a sign that monolayer MgO will be a good passivating layer for ZnO-based nanoscale devices.
Even though there is no obvious chemical bonding at the heterojunction, there is a significant charge transfer (CT) and charge redistribution due to proximity effects ( Figure 1c&d) . A charge transfer calculations will provide a clearer picture of the carriers at the interface, which we obtained using the density derived electrostatic and chemical net atomic charges 20 . In the MgO/ZnO vdW heterostructure, we predict a CT∼ 0.033 |e| while for MgO/ZnO/MgO superlattice, we obtain an average CT∼ 0.038 |e|. In both superlattices, the electrons are transferred from the MgO to ZnO layer leading to ntype conductivity with an average doping concentration of 9.43 ± 0.52 × 10 12 e/cm 2 . The direction of the charge transfer seems to be a contradiction since naively, one would assume the ZnO layer is doped with holes since the work function Φ of monolayer ZnO is smaller than that of MgO (Table I) . However, we note, the electron transfer from the MgO layer to that of ZnO is consistent with the fact that the electron affinity of MgO is smaller than the work function of ZnO, and would produce dipole in this direction. Our calculations further show that the charge transfer across the heterojunction needs to overcome an energy barrier of 5.90 ± 0.02 eV and a transfer distance of 3.72 ± 0.02Å for MgO/ZnO. For MgO/ZnO/MgO, the charge transfer across the heterointerface needs to overcome an energy barrier of 4.84 ± 0.02 (5.99 ± 0.02 eV) and a transfer distance of 3.59 ± 0.02 (3.72 ± 0.02Å) for the top (bottom) interfaces (see SM 19 ). This implies the carrier transfer across the heterojunction is energetically and spatially favorable. Remarkably, as observed from the electronic structure analysis, only small fraction of Mg-states from the MgO layer contribute to the states around the Fermi level leading to electron doping of the ZnO layer; this is reminiscent of low Mg content with n-type conduction experimentally observed in undoped MgZnO 21 .
Band bending is associated with the density and energy distribution of the interfacial charges. The spatial charge redistribution due to charge transfer across the interface will also modify the work function with an accompanying potential step ∆Φ (Figure 2b ) attributed to the spontaneous polarization effect in the ZnO layer. Significant built-in voltage has been reported in ZnObased superlattices 22 . Note that ∆Φ is absent in the monolayers (c.f. Figure 2a-b) . Before now, we are not aware of any data on the interfacial properties of atomically thin ZnO-based heterostructures. However, just like most 2D-based heterostructures, there is evidence of weak or absence of chemical interaction between the layers; an intrinsic interfacial dipole (Figure 2a-b) that lowers the vacuum level of monolayer MgO to that of monolayer ZnO and precisely compensates for the difference between their work function and the electron barrier.
To understand the band-offset of the various structures, which is an essential property of an interface in device applications, we present in Figure 2c the energy band-level alignment diagrams, with all of the energy scales included. Between monolayer MgO and ZnO, the conduction band offset ∆E c is determined to be 0.97±0.02 eV while the valence-band offset ∆E v is estimated as 0.37 ±0.02 eV, indicating a type-I alignment for MgO and ZnO heterojunction. The ratio ∆E c : ∆E v is estimated as 5:2, which is smaller than ∼ 4:1 reported by experiment 13 . The difference could be attributed to many factors, e.g., (i) markedly different interlayer bonding in our 2D-based crystals as compared to the conventional crystals; and (ii) the MgO in the experimental has a cubic structure, but the MgO in our study has a hexagonal structure. We also obtained the band-levels alignment of MgO with the superlattices to be a straddling type-I heterointerface (Figure 2c) . A good dielectric gate oxide for passivating ZnO-based devices should exhibit negligible hysteresis due to bias stressing 23, 24 with conduction and valence band offsets that is large enough to mitigate carrier injections into the dielectric 25 . Our predicted type-I band-level alignments of MgO and ZnO including the superlattices meet the above criteria; demonstrating that MgO is a good passivating and high-κ oxide gate dielectric layer for ZnO-based nanoscale devices.
The straddling type-I band-level alignment between MgO and ZnO also shows that MgO has a higher E c and lower E V to ZnO; intuitively, a MgZnO alloy will exhibit lower E v and higher E c , which surprisingly agrees with the band-level alignment we obtained for MgO/ZnO vdW heterostructure. Such a band-level arrangement has been attributed to lead to p-type conductivity in undoped MgZnO 13 . Our calculations reveal that the MgO/ZnO vdW heterostructure exhibits n-type conductivity; suggesting that the origin of p-type conductivity in undoped MgZnO alloy may be more complex such as Zn vacancies or higher Mg content.
Next, we focus on the energy band alignment of the various superlattices. For MgO/ZnO vdW heterostructure, the bandgaps of monolayer ZnO and MgO/ZnO are 3.58 and 3.17 eV, respectively. So the ∆E c and ∆E v is estimated to be 0.46±0.02 and -0.05±0.02 eV, respectively, indicating that a type-II alignment for ZnO and MgO/ZnO heterointerface. The bandgap difference ∆E g of 0.41 eV has an almost 9:1 ratio between ∆E c and ∆E v in basic agreement with experiment for ZnO and undoped low-Mg content of ZnOMgO superlattices 21, 26 ; but significantly higher than ∼7:3 reported for ZnO/MgZnO quantum well heterostructures 2, 27 . For the MgO encapsulated ZnO superlattice, we also obtained a type-II heterointerface alignment with ZnO. The ∆E c and ∆E v is estimated to be 0.59±0.02 and -0.11±0.02 eV, respectively; and with ∆E g ∼ 0.48 eV, we deduce ≈ 6 : 1 ratio between ∆E c and ∆E v of ZnO and MgO/ZnO/MgO. The determination of the band-level alignments indicates that ZnO and the superlattices are satisfactory for confining both electron and hole that is important for the design and application of ZnO-based nanoscale devices. We note that the heterojunction data of MgO encapsulated ZnO is not yet available as such, our predictions are crucial for experimental design and characterizations of nanoscale ZnO-based heterostructures for optoelectronic device applications.
To gain a better understanding of the optoelectronic properties of the designed vdW materials, we calculated their absorption spectra. The optical absorption characterized by the absorptive part of the complex dynamical dielectric function ε 2 (ω) versus wavelength reveals that after surface passivation and encapsulation, the light absorptivity of ZnO nanostructure is significantly increased (Figure 3) . Upon passivation and encapsulation, the optical bandgap of the superlattices decreased; we estimate the optical bandgap of the pristine materials and the superlattices using the lowest sharp structure around their spectra corresponding to 5.32, 3.51, 3.15, and 3.06 eV for MgO, ZnO, MgO/ZnO, and MgO/ZnO/MgO, respectively, which show an overall blueshift (inset of Figure 3 ). Most significant, the passivated and encapsulated structures show significantly increased absorptivity that transcended well into the visible regime. We attribute the increased absorption to better confinement of carriers by the MgO barrier layer.
In summary, we have designed and studied atomically 
